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Abstract 
How is the perceived direction of motion of a target affected by the motion of multiple sur-
rounding regions? Observers viewed displays consisting of three nested regions, a circular target 
region surrounded by two concentric annuli, each containing coherently moving dots. The observ-
ers' task was to estimate the direction of motion of the dots in the central region. By itself, motion 
in either annulus can alter this estimate, producing a contrast effect whereby the perceived direc-
tion of the centre is biased away ti'om the direction of motion of the annulus. In combination, the 
outer annulus dominated the inner in its effect on the target's motion. This result suggests that 
local operators, such as antagonistic centre-surround mechanisms for motion direction, are in 
themselves insufficient to explain relative motion effects. 
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Introduction 
The perceived motion of an object is determined not only by its motion over the retina but 
also by the motion of other scenic element>. Moving features can exert cooperative effects, in 
which case they influence the sensed motion of other features to be in the same direction as their 
own, or competitive effects, in which case they inf1uence motion to be in the direction opposite to 
their own. In induced motion (Duncker, 1938), a retinally station:u·y object, or target, is seen to 
move in a direction opposite to that of a surrounding ti·ame, or inducer. Motion contrast (Loomis 
and Nakayama, 1973, Tynan and Sekuler, 1975) also describes a competitive situation, this time 
in which the direction of motion of already moving elements is biased away from, or contrasted 
with, that of a surrounding or adjacent region. Cooperative effects can be generated by a variety 
of stimulus configurations, as in motion capture (Chang and J ulesz, 1984, Ramachandran, 1987), 
where a stationary t:u·get is captured by a moving region and appems to move along with it. 
The nature and strength of these interactions are influenced by the distance between the stim-
ulus elements. Nawrot and Sekuler ( 1990) showed that changing the size of altemated strips of 
random dots could change their interactions from being cooperative at small sizes to competitive 
at l:u·ger sizes. Murakami and Shimojo ( 1993) found that a solid circular target superimposed on a 
field of dot> could either exhibit motion capture or induced motion, depending on the contrast, 
eccentricity and size of the random dot field, larger size dot fields and greater eccentricities 
favouring competitive interactions. 
Nawrot and Sekuler (1990) and Murikami and Shimojo (1993) both proposed that the depen-
dence of relative motion effects on distance or size could be modelled by antagonistic centre-sur-
round operators. Such an operator consists of a central and surround region which operate 
antagonistically in determining it> response. For example, in the luminance domain, centre-sur-
round operators might register light increment> in the centre and decrements in the surround. 
Nakayama and Loomis ( 1974) proposed that centre-surround mechanisms could underlie the 
detection of boundaries and depth perception from optic flow if each region is tuned to a particu-
lar velocity, with the directional tuning of the surround region being opposite to that of the centre 
(see Figure 1). Nawrot and Sekuler (1990) and Murikami and Shimojo (1993) have proposed that 
such mechanisms determine the perceptual consequences of motion interactions. 
Figure I :u·ound here. 
Motion centre-surround operators are intriguing because they can be associated with cells 
identified in physiological studies, just as luminance centre-surround operators can be linked to 
retinal ganglion cells. Monkey area MT is thought to be particularly specialised for motion or 
transient stimulus processing, (e.g., Maunsell and van Essen, 1983) and is the site of cells which 
show possible centre-surround organisation (Allman, Miezin and McGuinness, 1985, Born and 
Too tell, 1992). Similar antagonism between the centre and surround of directionally selective 
cells has been found in cells in cat superior colliculus (Sterling and Wickelgren, 1969, von 
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GrUnau and Frost, 1983) and pigeon optic tectum (Frost, Scilley and Wong, 1 n 1). These cells 
have a centre which is tuned to a pa1ticular stimulus direction and a surround which is in some 
way antagonistic. Many different types of antagonistic surrounds exist, in addition to those tuned 
to the opposite direction of the centre, for example, surrounds that are tuned to a direction perpen-
dicular to that of the centre (Allman eta!., 1985). 
If the centre and surround of a mechanism are sensitive to different directions of motion, then 
functionally it may become tuned to specific relative motions rather than absolute retinal veloci-
ties. In this case, the mechanism that responds optimally to any given central region motion will 
vary depending on the motion present in the surround (see Figure 1). Motion contrast (and 
induced motion) can then be explained by linking the motion percept to the output of these mech-
anisms. In addition, the role of distance in determining inducer influence is clarified: cooperative 
interactions occur when the inducer lies within the central region of a mechanism and competitive 
interactions occur when it lies in the surround. 
Any model based only on centre-surround operators therefore predicts that motion interac-
tions are largely local in nature and that the distance between a target and an inducer determines 
whether the inducer acts cooperatively or competitively on the target. For example, assume that a 
target stimulus element lies in the centre of a mechanism. An inducing element may then influ-
ence the target to move with that element's direction if the element also lies in the centre, or 
against its direction if it lies in the surround. These predictions can be tested by exploring various 
configurations of relative motion displays to discover which aspects of the inducing elements are 
most important in determining their salience and type of effect they exert, in particular, to estab-
lish whether the size or position of inducers relative to the target is primary in determining their 
influence. 
In scenes with multiple inducers, a number of issues arise. For example, consider the situa-
tion in which a central moving region is contained within two nested surrounding regions (Figure 
2). Either or both of these surrounds may affect the perceived motion of the central target, but 
they may also affect the perceived motion of each other. Assume that, by proximity, the inner sur-
rounding region primarily determines the perceived motion of the target; is it the veridical motion 
of this region or the perceived motion that determines its effect on the target? If the outer region 
biases the perceived motion of the inner, then the outer region might indirectly change the per-
ceived motion of the target, even if, due to its distance from it, it otherwise has no biasing influ-
ence. 
We began by investigating the interactions between two inducing regions using various con-
ilgurations of surrounding annuli. In each case, the surround directions were chosen so that it was 
possible to distinguish which surrounding ii·ame was primarily responsible for any directional 
bias in the motion of the centre. We made every etJort to balance the influence of the surrounds in 
every aspect except for their distance from the target: they had the same area, number of dots, dot 
speed and dot luminance. However, we immediately found that, contrary to our expectations, the 
outer region did not merely modify the induence of the inner, but rather appeared to overrule it. 
Having assumed that the scale of the display was such that the inner surround does not fall within 
the central region of the relevant centre-surround operators, and thus, that a contrast effect would 
be observed, we had initially thought that the influence of the inner region would be primal'y and 
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that the perceived direction of the centre would be opposite that of this inner region, simply from 
the local nature of the mechanisms. However, this hypothesis was found to be false. 
Method 
Displays were generated on a Silicon Graphics Indigo 2 computer with a 1280 by 1024 pixel 
resolution colour screen. Observers viewed the screen in a darkened room through an opaque 
viewing hood which obscured all ofthe screen edges. Screen luminance was manually adjusted so 
that single pixel white dots on a black background were just distinct to the experimenter in the 
darkened environment (in an attempt to reduce phosphor and perceptual afterimages to a mini-
mum). At a 16 inch viewing distance the screen occupied a large portion of the observer's visual 
field, subtending approximately 53 by 38 degrees. 
Each display consisted of three regions of moving dots, within each of which the dots moved 
in a single direction and between which the dots moved in different directions. Dots had a contin-
uous life span and disappeared only when leaving a region at its boundaries. Dot density was kept 
constant by generating new dots at the opposite boundaries to replace those that disappeared. 
Figure 2 around here. 
The stimulus configuration is shown schematically in Figure 2. The central, target region is 
enclosed by two surround regions (hereafter referred to as the inner and outer surround). The dots 
in the central region always moved vertically (either up or down) and the dots in the surrounds 
always moved horizontally, such that the direction of motion in one surround always opposed that 
of the other. 
The central region subtended approximately 18.5 degrees and the outer boundaries of the 
inner and outer surround approximately 26 and 32 degrees respectively, giving each region the 
same area. Regions also had equal dot density and thus the same number of total dots (270). Each 
dot consisted of a single white pixel moving at approximately 4 degrees per second. Each display 
was present for approximately 1200 msec. The screen was refreshed at 75Hz, a rate exceeding 
that at which new dot positions were computed (ensuring that all computed dot positions were 
displayed). 
Two male and one female volunteers were employed, all in their mid to late twenties. One of 
the authors participated, the other two subjects were naive as to the purpose of the experiment. 
Observers viewed a series of displays and were instructed to observe the motion of the central 
region, although no explicit controls were made to check foveation. After viewing each display, 
observers pressed a button to indicate whether the central region moved to the left or right of ver-
tical. A five second blank delay was enforced between successive trials. Each trial varied only in 
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whether the central region moved up or down and whether the surrounds moved left-to-right or 
right-to-left; a total of four conditions. Each observer viewed 20 trials, ensuring he or she viewed 
each condition five times. The same observers were also presented with an equal number of other 
displays in which only one of the inner or outer surround appeared with the central target. 
Results and Discussion 
Observers perceived the display as three moving surfaces which, somewhat pmadoxically, 
moved with respect to each other whilst maintaining constant spatial relationships. In uials using 
only one surround region, either the inner or outer, observers always reported a horizontal compo-
nent of the motion of the central region opposing that of the single suiTound, i.e., if the surround 
moved left, observers always indicated that the centre moved to the right of vertical. This con-
firms that, in this single inducer configuration, either inducer can produce a robust motion conu·ast 
effect, i.e., that the distances and other parameters are compatible with the contrast phenomenon. 
Note that the results hom using only the outer surround also show that this contrast phenomenon 
does not require the surround to be adjacent to the cenu·e region. 
When two surround regions were present, observers always reported that the horizontal com-
ponent of the target motion opposed the outer surround, indicating that either the contJ·ast effect of 
the outer is greater than that of the inner, or that the presence of the outer disrupts any effect that 
the inner might otherwise cause. This effect is very robust. In additional pilot studies we have var-
ied the direction of motion of the centre slightly away from vertical so that there is an actual hori-
zontal component in the same direction as the outer surround. Even when the resulting direction 
of the centre is I 0 degrees off vertical (and towards the direction of the outer surround) a robust 
contrast effect still obtains. 
We do not ascribe the appearance of motion opposite to the outer surround to a change in the 
perceived direction of motion of the inner region due to the presence of the outer, as such a 
change would, if in accordance with other motion contrast phenomena, cause the inner region to 
be perceived to move in its veridical direction at a faster speed. Neither do we ascribe this effect 
to an assimilative (cooperative) effect of the inner. Our display is sufficiently large that coopera-
tive etfecb, which have generally been associated with small distances are unlikely to play a 
major role in our display. Tynan and Sekuler (1975) have used a smaller (10 by 9 degree) display 
to demonstrate competitive (conu·ast) effects whereas Nawrot and Sekuler (1990) required a far 
smaller (2.5 by 4.8 degree) display to obtain cooperative interactions. Murikami and Shimojo 
( 1993) varied the size of their target and inducing elements from 2.2 to around 12 degrees and 
found a change from cooperative to competitive interactions in this range. In any case, the con-
u·ast effect we obtained with the inner surround alone indicates that it is unlikely to be acting 
cooperatively when both surrounds are present. 
Kim and Wilson (1994) have found that the perceived direction of motion of a circular cosine 
grating patch varies depending on the motion of a grating in a surrounding annulus, but that this 
direction shift occurs only when the gratings m·e presented peripherally. The authors suggest lat-
eral inhibition between peripheral directionally selective units as an explanation for this data. This 
might suggest that in our experiment only the more peripheral, outer surround causes a conu·ast 
etlect, but this cannot be the case because, as we have already noted, either surround alone is suf-
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ficient to cause a robust effect. However, due to the large size of our display, even the smaller 
inner surround might be described as peripheral (i.e., non-foveal). If peripheral surrounds are 
more efficacious in inducing a contrast effect then the fact that the outer is more peripheral may 
explain it~ greater influence. However, Kim and Wilson (1994) also found that the magnitude of 
the directional shift was dependent on the size of a gap between the centre and the surround, 
smaller gaps causing a greater shift. This result is somewhat orthogonal to our findings though, 
since Kim and Wilson's results were obtained with single surround configurations. In addition, in 
their experiments all patches, including the centre, were viewed peripherally. 
Studies more similar to ours have been conducted using induced motion with stimuli contain-
ing simple forms. Induced motion has been explained in both subject and object-relative terms. If 
induced motion occurs as a result of a change in the position of the target relative to other object~ 
in the scene, then it is said to be object-relative (Duncker, 193R); if it occurs as a result of a 
change in position of the target relative to the observer, it is said to be subject-relative 
(Brosgole, 1968). In the latter case, induced motion is explained as a result of a shift in the 
observer's perceived straight ahead, rather than as a result of a change in the configuration of the 
scene. The object-relative explanation is more compatible with local operators (e.g., centre-sur-
round mechanisms) which could detect object movement~ with respect to enclosing or surround-
ing elements, whereas the subject-relative explanation, in which the proximity of the inducing 
elements is of little importance, requires global interactions. 
Subject and object-relative the01ies posit different purposes for the mechanisms that underlie 
induced motion and other relative motion etiects. The change in target position relative to an 
observer (subject-relative motion) may be useful in extracting object motion from retinal signals 
which include that observer's own motion. The change in the position of a target with respect to 
other objects may be of use in determining objects' motion from the motion of their parts, or the 
motion of their parts within a whole. Johansson calls the process in which observers break down 
and group motions vector decomposition (Johansson, 1950). In a well known example, observers 
can recognise a person from the movements of a small number of lights affixed to that person's 
body (Johansson, 1973); in another, observers can distinguish the overall motion of an object 
attached to a rotating and translating wheel (a cycloid) from its motion with respect to the wheel 
(none). 
Figure 3 ,u·ound here. 
One way of distinguishing between object and subject-relative theories is to include two 
inducing elements whose proximity to the target varies and determine which is more salient in 
inducing motion, as in Figure 3. Brosgole (l96g) performed experiments in which observers fix-
ated upon and determined the direction of movement of a central target surrounded by two frames 
moving in opposite directions. He found that the larger outer frame, which completely stmounded 
the smaller inner frame, primarily determined the direction of the induced motion. Brosgole also 
attempted to relate the eff1cacy of frames to induce motion on a target to their ability to induce a 
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perception of observer motion and concluded that apparent motion occurs in situations in which 
the observer perceives self-motion as a result of visual cues and in compensating for this self-
motion ascribes object motion to a retinally stationary object. These results should not be ignored 
in considering contemporary paradigms. Our experiment uses a different stimulus (random dots), 
which allows some additional controls to be entered, such as the equation of stimulus areas, and 
finds results compatible with those of Brosgole ( 196R). It may therefore be the case that the 
importance of the outer surround in our stimulus is due to its efficacy in inducing a sensation of 
self-motion. 
lf induced motion, motion capture and motion contrast are artifacts of a system designed to 
compensate for self-motion, they are unlikely to be purely the result of local centre-surround 
mechanisms. Our results suggest that they may instead be the result of long range or global com-
petitive processes, perhaps those involved in visual compensation for self-motion. However, the 
short-range cooperative interactions that occur in motion capture are not explained by such pro-
cesses. lf centre-surround operators can explain these cooperative interactions and some competi-
tive interactions, then it may be that short and long-range contrast effects are different phenomena 
caused by different mechanisms. No model currently explains such multiple processes for motion 
processing, although Hamada (1987) has proposed short and long-range inhibitory processes in 
brightness perception. The Motion BCS (Grossberg and Mingolla, 1993) postulates short-range 
competitive effects and both long and short-range cooperative pooling underlying motion seg-
mentation and grouping. However, it does not to date explain the net long-range competitive 
effects we have found. Our experiment has shown that there are motion contrast phenomena that 
occur over long ranges. At this stage it is unclear what stimulus parameters cause the outer sur-
round to be more efficacious in inducing motion contrast or in overruling the influence of the 
inner surround. Obvious possibilities include the topological arrangement of the annuli or their 
eccentricity. Further experiments are necessary to determine more precisely which parameters are 
involved. 
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Ill 
Figure I. Antagonistic centre-surround mechanisms in velocity space. The centre and surrounds 
are tuned to velocities with opposite directions (direction of tuning indicated by arrows), so these 
mechanisms are optimally sensitive to spatially non-uniform motion. For example, they may un-
derlie the detection of discontinuities in optic flow and aid in segmentation and relative depth per-
ception. As shown here, they can also operate as relative motion detectors tuned to a relative 
velocity difference between the centre and surround regions. The maximal response over a set of 
mechanisms tuned to different directions changes as the motion in the surround changes, even if 
the motion in the centre remains fixed. The table shows response magnitudes of a set of mecha-
nisms with different centre-tunings (assumed to have a Gaussian distribution of response ampli-
tude around an optimal direction) and surround-tunings which are opposite the centre-tuning. The 
centre and surround response contribute additively to the total response of the unit. Two stimulus 
movements are illustrated, where a central region moves up and a surrounding region moves either 
down or to the left. When the surround moves down, the mechanisms with centre tuning "up" re-
spond most strongly (response magnitude is indicated by the box size), whereas when the surround 
moves left, the mechanisms with centre tuning "right" respond most strongly. If motion direction 
perception is based on the responses of such units, then one would predict that the perceived direc-
tion of motion of the centre region is dependent on the surround motion. Thus, such mechanisms 
may underly motion contrast effects. 
Figure 2. Stimulus configurations used in our experiment>. Arrows represent the direction of mo-
tion of moving randomly placed dots. The central, target region moves vertically and is surrounded 
by either or both of an inner or outer surround. Each surround moves horizontally. If both surrounds 
are present then their directions oppose each other. Boundaries in the illustration are places where 
dots disappear or reappear at the edges of the regions; there are no luminance edges along them. 
Figure 3. Induced motion with two inducing elements. Actual motion of the inducing elements is 
indicated with solid arrows, possible perceived motion of the central target is indicated with a 
dashed arrow. The perceived motion on the left opposes the direction of the outer inducing element 
and is therefore compatible with a subject-relative explanation. The perceived motion on the right 
opposes the direction of the inner inducing element and is compatible with an object-relative ex-
planation. 
II 
Centre-Surround Mechanism 
• 
Figure l 
Inner 
Surround 
Outer 
Surround 
Figure 2 
Multiple 
Surrounds 
Figure 3 
